Die-design for the die-casting process is a time consuming and complex activity that requires domain knowledge and vast experience of the die-designer besides information about manufacturing resources, part geometry, delivery time and cost preferences, etc. Complexity of the die-design activity further increases in case of a multi-cavity die. Currently available die-design systems lack in the level of automation and do not explicitly address multi-cavity die-design. In the present research work an attempt has been made to develop a computeraided system, which facilitates design of a multi-cavity die-casting die taking part product model as input. Objective of the proposed system is to automate the process of cavity design, cavity layout design, die-base design, core-cavity and side-core design, gating system design for a multi-cavity die-casting die. The proposed system, which we named Multi-cavity Die Designer, works as an add-on application to an existing CAD software namely SolidWorks. The proposed system is divided into five modules, namely Data Initialization, Cavity Design, Cavity Layout Design, Core-cavity& Side-core Design, and Gating System Design. Use of commercial software like SolidWorks as a platform both for part design and generation of die-design eliminates loss of data which makes the proposed system quite useful in the industrial scenario. To demonstrate the capabilities of Multi-cavity Die Designer, it was tried for a number of die-casting parts and the results for one industrial case study part are presented. Proposed system is a step forward to design-manufacturing integration for die-casting process.
Introduction
Die-casting is a versatile process for producing metal parts by forcing molten metal under high pressure into reusable steel moulds. These moulds, called dies, can be designed to produce complex shapes with a high degree of accuracy and repeatability. Parts can be sharply defined, with smooth or textured surfaces, and are suitable for a wide variety of attractive and serviceable finishes. The design of a die-casting die comprises of several tasks, which include setting shrinkage allowance, providing draft, determine number of cavities, deciding cavity layout, gating system design, die-base design, parting design, core-cavity generation, ejection design, cooling design, side-core design and standard component design (Fuh et al. 2002) . Many of the available commercial computer-aided design (CAD) systems, available today, such as SolidWorks, Pro/Engineer, NX, CATIA, etc. provide integrated modules and features for die-design. These die-design modules of CAD systems are widely used to speed up product realization process for complex die-casting die-design process and to assist the die-designer in design revisions. These modules are limited to corecavity block creation that too for a single-cavity die only. Another limitation associated with the available mould design modules is the lack of automation, as there are several steps where designer knowledge, interaction and input are essential. Furthermore, availability of specific add-on applications for diecasting die-design is lacking. These deficiencies of mould design knowledge and automation in available systems results in higher number of iterations, and longer lead time for the die-casting die-design. Therefore, to reduce lead time, die-casting industry needs a computer-aided system for multi-cavity diecasting die-design with a good level of automation.
In this research paper a computer-aided system for multi-cavity die-casting die-design is presented. The system named Multi-cavity Die Designer handles major activities of the multi-cavity die-casting diedesign in a computer-aided environment; the activities handled by the system are mentioned below:
• Cavity design: setting shrinkage and draft.
• Cavity layout design: determining the cavity number and its layout, and designing the diebase.
• Core-cavity & side-core design: design of corecavity blocks with side-core (if required).
• Gating system design: design of gating system elements for given part model.
Rest of the paper is divided into following sections. Section 2 of this paper discusses related research and objectives of present research. Section 3 describe the developed system Multi-cavity Die Designer. Section 4 presents the one industrial case study. Lastly, conclusions drawn from this research work are discussed in section 5.
Literature review and objectives of present research
This section deals with review of previous research attempts made on development of system for die-casting die-design. Some research papers published on the mould design of injection moulding have also been included due to strong similarity between both the processes. Reddy et al. (1994) developed a computer-aided design system that provides intelligent assistance in several tasks involved in the design of die-casting dies. Fuh et al. (2002) developed a system named DieWizard that provides several die-casting die-design functional modules as add-on application of Unigraphics software. Choi et al. (2002) developed a system for automation of die-casting die-design activities, which specially focuses on the design of the gate and runner. Woon and Lee (2004) developed a computer-aided system named DiWorks for die-casting die-design, which uses application programming interface (API) of SolidWorks CAD software. Chan et al. (2003) developed an interactive knowledge-based injection moulding die-design system called IKB-MOULD, which uses part design and die manufacturing knowledge. Mok et al. (2001) developed an interactive knowledge-based system named IKMOULD for the injection moulding die-design on Unigraphics platform using 'C' programming language.
From the above literature review, we find that most of the previous works limited to single-cavity die only. Design of multi-cavity die-casting die is quite common in the industry, but not much attention has been given in the past to design a system, which is capable of designing such a die.
Present work is an attempt to develop a generative system for design of a multi-cavity diecasting die from CAD model of a part. Efforts have been made in the proposed system to consider influencing factors affecting die-design decisions at different stages of die-design. These influencing factors pertain to part geometry, material, manufacturing resources, standard die-base sizes, cost, delivery time, etc. Use of: die-casting die-design knowledge, CAD file of the part, relevant databases, application programming interface (API) functionality of SolidWorks makes Multi-cavity Die Designer very much useful in practical situations.
Multi-cavity die designer
The system architecture of Multi-cavity Die Designer is shown in Figure 1 . The system is developed as an add-on application of SolidWorks software by using its API functions. Advantages of developing a system that uses the platform of a commercial CAD modeler like SolidWorks is that the native file of the part model can be used as input, and the output, which is again in the native file format may directly be utilized for further downstream applications, such as die manufacturing and inspection.
The developed system has five modules, namely (i) data initialization, (ii) cavity design, (iii) cavity layout design, (iv) core-cavity & side-core design, and (v) gating system design. Each module is divided into sub-modules which perform different activities of the die-casting die-design. Furthermore, the proposed system is supported by various databases, such as diecasting machines, die-casting alloys, and standard diebases. The system makes use of the die-design knowledge at various stages that has been acquired from reliable sources including the die-casting industry and published literature. Following paragraphs briefly discuss above mentioned five modules of the developed system. (i) First module, namely data initialization deals with loading of the part model and input of the process data. The CAD model of the part is first taken as input using graphic user interface (GUI) of the system. A snapshot of the GUI of the system is given in Figure  2 . The user needs to set the co-ordinate system to orient the part model in such a way that the parting direction of the part is along the Y/-Y axis. The feature information of the part geometry such as volume, length, width and height are extracted by the system for downstream activities. The geometrical information of the part, such as projected area, wall thickness, and longest part depth is the only information to be provided by the user. Thereafter, as shown in Figure 3 , the process data window prompts the user to input the information related to lot size, delivery date, material, die cost and number of undercuts and their position.
(ii) The Cavity Design module is responsible for applying shrinkage and draft allowances to CAD model of the die-cast part. The shrinkage allowance depends upon the material of the die-cast part. The draft allowance also depends on many factors related to the part material and its geometry. Multi-cavity Die Designer maintains a material database which alongwith the die-casting process information is used for selecting appropriate shrinkage and draft allowances. The user has an option, either to accept values of the shrinkage and draft allowances suggested by the system or to provide other values of the allowances to suit the requirements. The selected values of the shrinkage and draft allowances are applied to CAD model of the die-cast part. The developed system makes use of the algorithm and equations for determination and application of shrinkage and draft th 
818-3
Multi_Cavity_Die_Designer allowance that have been presented in our earlier paper Kumar et al. (2013) . For example, determination of draft allowance is calculated using Equation 1.
Where, ‫ܮ‬ = Depth or height of the part feature from the neutral plane parallel to parting direction in mm; ‫ܣ‬ = Draft angle in degree; ‫ܥ‬ = Constant, based on the type of feature and the die-casting alloy.
(iii) The Cavity Layout Design module determines the number of cavities, selects the feeding system, decides layout pattern of the cavities, selects the diebase and orients & places the cavities. The number of cavities is determined by considering comprehensive factors of delivery date, production cost, selected machine and part geometrical limitations. The feeding system and layout pattern is then selected using diecasting die-design knowledge. Lastly, the cavities are oriented and placed by considering different factors, such as undercut position and recommended clearances. The nearest standard die-base size available in the database is selected taking into account the layout of the cavities. Output from this module is CAD model of the containing box enclosing all the cavities with applicable clearances. The detailed algorithm for above mentioned three modules i to iii can be found in Kumar et al. (2012) . (iv) The Core-cavity and Side-core Design module is responsible for computer-aided design of core, cavity and side-cores for a multi-cavity die. First of all, the parting line is identified interactively by the user by selecting the edges on the part CAD model. This is followed by creation of shut-off surfaces by the user in case the part model has through holes. The system generates the parting surface by extruding the parting lines. CAD models of core and cavity even for a multi-cavity die can be generated in this module. Similarly, if the part has undercut features, the sidecores are also generated by the system. The core, cavity and side-core design module uses the algorithm presented in our earlier paper Kumar et al. (2013) . (v) The Gating System Design module is responsible for determination of gating system parameters, generation of CAD model of the gating system elements, and placement of these elements in the die. The design guidelines for various gating system elements, such as gate, runner, overflow and biscuit are available for designer's ready reference. The gating system design module uses the methodology the details of which can be found in our earlier paper Kumar and Madan (2014) . Lastly, the gating system design is evaluated for the desired level of performance by filling simulation to ensure complete filling of the cavity in the stipulated time.
Industrial case-studies
Multi-cavity Die Designer system is tested on a number of die-cast parts including those having undercut features. To demonstrate the capabilities of the developed system, results obtained from the system for two industrial die-cast parts are presented in the following case studies.
Case study: Carburetor lower-half
The die-cast part taken in this case study is an automotive part shown in Figure 4 , which is lower half of the carburettor. The characteristics of this part are: aluminium alloy material, one undercut feature, and envelope size of 70.5 mm x 58 mm x 42 mm (Length x Breadth x Height). Results generated by Multi-cavity Die Designer for this case study are presented in Figure 5 . The system generates a cavity layout arrangement in which undercuts are on outer side of the die. The number of cavities determined by the system for this case study is three and the layout pattern is halfcircular with bottom feeding system. Size of the die base calculated by the system is 484.5 mm x 455.5 mm x 122 mm. The die layout generated in this case study is also satisfying the condition of minimum diebase size requirements. The standard die-base size selected by the system is 496 mm x 496 mm x 150 mm. CAD models of super-core, super-cavity and side-cores generated by the system in this case are presented in Figure 6 in an exploded view. Figure 7 shows a snapshot of the graphic user interface (GUI) of the proposed system in SolidWorks platform. The system first performs the P-Q 2 check, which is shown at the bottom of the gating design parameter window. The part application type is selected as Engineering; gate type is Fan and runner type is Trapezoidal with flow angle of 45°. The determined filling time is 0.027 sec, gate area is 21.6 mm 2 and gate height is 1.2 mm respectively, which are well within the industry recommended range. The runner parameters determined by the system are also within the recommended range. The industry recommended range for each of the gating parameters is also displayed for ready reference of the user. CAD model of the gating system generated by the system is presented in Figure 8 . Opinion of the die-casting experts was taken on the system generated gating system design. The experts gave positive feedback on the gating system design, although cosmetic changes were required.
The main contribution of the paper is to develop a system for die-casting die-design taking part CAD model and other requisite information from the user. To validate the die-design generated by the proposed system, the metal filling simulations were conducted using a third party simulation software.
The metal filling simulation software require the user to provide information about boundary conditions, i.e., molten metal temperature, initial die temperature, gate velocity, metal pressure, etc. These inputs are required for modeling the flow of molten metal in die cavity. For example, the boundary conditions used in case study presented in the paper are: molten metal temperature (670 °C), initial die temperature (180 °C), etc.
The filling pattern results for the case study part at 4 time intervals (out of the available 245) during filling are shown in Figure 9 . Simulation results of the filling and solidification were found to be satisfactory. Based on the filling pattern also, the die-casting experts gave positive feedback on the success of the gating system design generated by the system. 
Conclusions
A computer-aided system named Multi-cavity Die Designer for multi-cavity die-casting die-design has been presented. The presented system is developed as an add-on application of SolidWorks software. The API toolkit of SolidWorks along-with VB.NET programming is used to develop this system. Proposed system is an effort to integrate die-casting die-design application into existing CAD software. To demonstrate the capabilities and effectiveness of the integrated system in an industrial environment, results for one typical part taken from the die-casting industry were presented and discussed. To validate design of the die, metal filling simulation were carried out using die-casting process simulation software. Opinion of the die-casting experts on the system generated results and filling pattern was also taken. Based on the simulation results and their experiences, the experts opined that the system generated diedesign is satisfactory, although it required cosmetic changes.
The developed system is a major step towards automated design of a multi-cavity die-casting die. Major benefits of using the developed system for design of a multi-cavity die is significant time saving, less dependency on the die-casting expert and consistency in decision making. With the development of the proposed system designmanufacturing integration of the die-casting process seems achievable as automated design of a die is a bridge that needs to be built.
